Biological fixation of atmospheric nitrogen in the Mediterranean Sea
Abstract -Nutrient concentration in the Mediterranean Sea is controlled by water exchanges through the Strait of Gibraltar and by atmospheric and terrestrial inputs. Various peculiarities in the nitrogen and phosphorus geochemical cycles are pointed out, namely a low N : P atomic ratio (6.4) in terrestrial discharges, and a budget well balanced for phosphorus (where terrestrial discharges amount to about 80% of the outflow) but apparently very deficient in nitrogen, despite a high N: P atomic ratio (22), in Mediterranean deep waters. This suggests the possibility of a surprisingly high rate of direct atmospheric N uptake by the Mediterranean ecosystem (possibly seagrasses Posidonia oceanica and pelagic bacterioplankton species).
Nitrogen and phosphorus are often compared in studies of the marine biosphere. Nitrate-N and phosphate-P occur in seawater in such low concentrations that surface waters are usually depleted by biological uptake, and a possible limitation in primary production by both nutrients in turn has been considered. The observation of a typical N : P atomic ratio of about 16, the so-called Redfield ratio (Redfield et al. 1963) , which has been found to be the same in marine organisms as in seawater, has helped support the assertion of similar marine cycles. The marine biosphere temporally links the fate of these two elements whose geochemical cycles are entirely different. Most N is present in the atmosphere as gaseous N2 in equilibrium with molecular N2 dissolved in the ocean. Exchanges between molecular N2 and combined forms (organic and inorganic) are achieved mainly through the processes of N2 fixation and denitrification (see Kaplan 1983; Hattori 1983) . On the other hand, atmospheric transfer processes are unimportant for P, which is added to the sea by runoff from the continents and removed by particles settling onto the sediment. The average residence time of P in the ocean is about lo5 years (Froelich et al. 1982) . Mesoscale studies on semienclosed seas, such as the Mediterranean, allow conspicuous differences between the behavior of P and N to be shown and permit some conclusions, particularly concerning atmospheric N fixation by marine organisms. On a smaller scale, such studies have been made by Smith and Atkinson (1984) in a confined aquatic ecosystem off the western Australian coast and by Smith (1984) in the main lagoon of Christmas Island and in the Canton Atoll lagoon.
In the Mediterranean Sea evaporation exceeds precipitation and runoff. High salinity and high-density waters are produced which supply the bulk of the Mediterranean deep water, flowing out over the sill of Gibraltar, following the bottom slope. In the opposite direction, in the surface layer of the straits, light Atlantic surface water flows into the basin to compensate for the deep outflow and for the water deficit through the sea surface. The volumes of the Atlantic inflow, 53 x 1 012 m3 yr-', and the Mediterranean outflow, 50.5 X 1 01* m3 yr-l, are many times greater than the water deficit, 2.5 x 1012 m3 yr-l. (These values result from a critical analysis of previous papers and from consideration of heat, water, salt and potential energy budgets: Bethoux 1979.)
The Mediterranean P and N budgets have been determined (Bethoux 198 1). Outflowing deep Mediterranean waters are nutrient enriched and have a typical N : P atomic ratio of about 22 (higher than the Redfield ratio), as observed in the western basin during different oceanographic cruises in the past two decades (e.g. Coste 1969; Miller0 et al. 1978; Copin-Mont&gut and CopinMontegut 1983) . They have a mean inorganic P concentration of about 0.28 pmol liter-l and represent an annual P loss of 1.41 X lOlo mol yr-*.
Due to tidal streams and internal waves propagating through the straits, the Atlantic inflowing layer is variable in thickness with time and space, from about 20 to 60 m (ME-DIPROD 4 cruise stations: Coste et al. 1984) . In the western part of the straits, the surface layer current reverses for part of the semidiurnal tidal cycle. The maximum inflow occurs 3 h after high water and the maximum outflow 3-4 h before HW. The "high water" of the internal wave takes place near the time of surface HW (Lacombe and Richez 1982) . At this time the proximity of the underlying layer to the surface suggests a possible nutrient enrichment of the superficial water (Minas et al. 1983) . But the fast descent of the subsurface water interface, 1 h after HW, drastically reduces this possibility, and neither a nutrient enrichment nor a noticeable planktonic biomass has yet been observed west of Gibraltar. Because of the great variability of the dynamical environment, along with analytical uncertainties, it is difficult to assign from direct observations a mean value of typical P concentration to the Atlantic inflow. A more reliable value has been inferred from the Mediterranean nutrient budget. The external P inputs to the Mediterranean Sea from various terrestrial sources (natural and anthropogenic) can be assessed on the basis of United Nations Environment Program inventories (UNEP Prelim. Rep. IG II/INF 4; UNEP 1984). This load amounts to 1.16 x lOlo mol yr-1 and so the Mediterranean P budget can be balanced by an Atlantic input of 0.25 x lOlo mol yr-l, which requires a mean concentration in the su- perficial layer of 0.05 pmol liter-l -in broad agreement with direct observations in the depleted layer. The N budget ( Fig. 1 ) calculated in the same way is far from being balanced. The mean nitrate concentration in the outflowing Mediterranean waters is about 6 pmol liter-l (i.e. McGill 1969) and inflowing surface waters have concentrations < 1 pmol liter-l. On the hypothesis of a quasi-steady state, a 5 pmol liter-l difference between inflowing and outflowing waters gives a net output of 25 x lOlo mol yr-' (Table 1 , hypothesis 1). A precise balance would require the inclusion of other forms of N. It is widely recognized that N02--N and NH,+-N are negligible with respect to N03--N. From our own measurements in different areas and particularly in the straits (Coste et al. 1984 ), it appears that N exchanges by particulate organic matter are unimportant.
Assessments of dissolved organic N are difficult because oceanographic data are very scarce and unreliable for the Mediterranean (Banoub and Williams 1972; Coste et al. 1984) and nonexistent in the western part of the straits. Inflowing surface waters may contain slightly more dissolved organic N than outflowing waters, but in our opinion it is unlikely that this excess would be > 1 pmol liter-l; on this second hypothesis, the net N deficit in the straits would be lowered to 19.7 x lOlo mol yr-l. However we also include in Table 1 a third hypothesis in which an excess of organic N of 2 pmol liter-l would correspond to a minimum N deficit in the straits of 14.4 x lOlo mol yr-I.
From UNEP (1984) enquiries, terrestrial N discharges amount to only 7.4 x lOlo mol yr-l and the N : P atomic ratio has a mean value of 6.4, varying with area from 4.6 to 8. It is possible that the UNEP data account poorly for the dissolved organic and particulate forms of N. A readjustment may be made from the UNEP chemical oxygen demand (COD) data. According to the literature review by Meybeck (1982) of the C : N ratio in continental aquatic plants, terrestrial plants, soil humus, and river material, continental organic material cannot have an atomic C : N ratio ~7. This conclusion remains valid if we consider highly polluted or discharge waters. From the COD data, a C : N molar ratio of 7 would give a maximum supplementary load of 3.9 x 1 010 mol yr-l.
Atmospheric N can be delivered to the sea in two ways: by deposition of combined N washed out by rain and by direct biological fixation of N2. The mean N concentration in rainwater measured at Bermuda is 5 pmol liter-l (Menzel and Spaeth 1967) . Worldwide assessments by Meybeck (1982) give a value of 45 pmol liter-l, while Duvigneaud's (1980) value is 17 pmol liter-l; the latter mean value, corroborated by our direct measurements at Villefranche (near Nice), fitted to the Mediterranean rainfall (0.3 1 m yr-I) and area (2.5 x 1Ol2 m2), permit us to estimate a fallout value for N of 1.3 X lOlo mol yr-l.
At this stage, taking into account the defined inputs and outputs, the biological fixation of N2 would have to supply 12.4 x lOlo mol yr-I, under the first hypothesis, which corresponds to a rate of 50 mmol m-* yr-l. Without the "COD readjustment" hypothesis, the fixation rate would reach a maximum of 65 mmol m-2 yr-I. If the net deficit in the Strait of Gibraltar is reduced by possible transfers of DON, the fixation rate would be 28 mmol m-2 yr-l (hypothesis 2) or, at the least, 8 mmol m-* yr-' (hypothesis 3). In any case, these values are higher than the rates usually suggested for the marine biosphere, the mean rate generally quoted for the world's oceans being <7 mmol m-2 yr-' (Duvigneaud 1980; Capone and Carpenter 1982; Hattori 1982) . However, values ranging from 0.4 to 4 mol rnp2 yr-1 have been found in particular marine ecosystems such as seagrass beds or coral reef flats (Capone and Carpenter 1982; Wiebe et al. 1975) .
This study presents inevitable uncertainties in the water fluxes and nutrient budget (data on DON and DOP are lacking for the waters exchanged in the straits and are poorly documented for the terrestrial discharges to the Mediterranean).
However they cannot greatly modify the results: that while the P cycle is characterized by heavy terrestrial loads which amount to about 80% of the deep outflowing loss toward the Atlantic, the N budget implies discharges not taken into account in the UNEP (1984) inventories. In our opinion the probable atmospheric N fixation is about 7.1 x 1 O'O mol yr-'.
It is likely that atmospheric N2 fixation in the Mediterranean Sea is much higher than the values previously assessed for the ocean biosphere, possibly due to an adaptative property of the Mediterranean ecosystem to heavy loads of P. In other ways, the Mediterranean may not be different from other tropical systems where N, fixation has always been associated with a restricted number of bacterioplankton species (freeliving or symbiotic cyanobacteria, bacteria). These species and their behavior toward N2 fixation are barely detected by standard techniques and require particular investigation (Smith 1984; Martinez et al. 1983 ). We do not know of such studies on the scale of the Mediterranean Sea. The major N2-fixing organisms in the plankton are in the genus Trichodesmium (Oscillatoria), and the N2 fixation rate given by Carpenter (1983) with a mean sea floor occupation of 50%, globally covering about 2% of the sea area, that is 5 x lOlo m*. Unfortunately, unlike studies of the tropical seagrass Thalassia testudinum and the temperate seagrass Zostera marina, studies of P. oceanica have measured growth and productivity,
but not yet N2 fixation. We may make a gross approximation of N2 fixation from measurements of productivity.
The annual productivity of Posidonia is equal to that of Thalassia and exceeds that of Zostera (Ott 1980 ). Liebes et al. (1983) gave a mean productivity of P. oceanica and its epiphytes of 3.5 kg dry wt m-2 yr-l at 2.5-m depth, and Ott (1980) estimated a leaf production of 3.11 kg dry wt m-2 yr-' at 4-m depth. Frankignoulle and Disteche (1984) gave a net photosynthetic production, by CO2 chemistry in the water above a Posidonia bed at 8-m depth, of 696 g C m-2 yr-' (about 1.9 kg dry w-t rnp2 yr-l) and confirmed a previous estimate by Bay (1978) . The mean productivity from the surface to 35-m depth can be evaluated as 1.5 kg dry wt m-2 yr-' (or 560 g C m-2 yr-') (Ch. F. Boudouresque pers. comm.). Total N demand can be calculated from productivity if we know the % of N in new, compared to senescent, tissue, or the C : N ratio (i.e. Capone 1983b). With a 1.7% concentration of N (difference between the 2.2% annual mean rate of N in the living leaves and the residual 0.5% rate in dead leaves separated from their rhizomes: Pellegrini 197 l), a first approximation of total N demand by Posidonia amounts to 1.8 mol N rnw2 yr-I.
The C : N : P atomic ratios in Posidonia leaves collected off Corsica, 956 : 39 : 1 (Atkinson and Smith 1983) , provide a similar estimate of N demand of 1.90 mol N m-2 yr-I. According to Goering and Parker (1972) and Patriquin and Knowles (1972) N2 fixation in the seagrass phyllosphere and rhizosphere may account for the total N demand. But in other studies reported by Capone (19833) N2 fixation in Thalassia rhizosphere accounts for between 20 and 50% of the net demand and only 3-28% in Zostera. Consideration of the N : P molar ratio in Posidonia leaves (39 : 1) and in Mediterranean water (22 : 1) allows a gross global estimation of N2 fixation. Of the mean quoted productivity, 1.90 mol N rnp2 yr-'(0.049 mol P m-* yr-l), and a N : P molar ratio of 22 in Mediterranean seawater, we suggest that 1.07 mol N m-2 yr-' comes from the combined N in seawater, while the difference (1.90 -1.07 = 0.83 mol N me2 yr-I) is from N2 fixation. In this case, fixation accounts for about 44% (the ratio 1 -22/ 39) in the N budget of Posidonia, and this seagrass would account for 4.1 x 1O1O mol N yr-' in the N,-fixation budget of the Mediterranean Sea. Atmospheric N fixation by Posidonia (0.83 mol N m-* yr-l) is a bit higher than the value for Thalassia seagrass communities (0.64 mol N rnp2 yr-I) reported by Capone (1983a) .
On a global scale, the estimated productivity of Posidonia, 1.9 mol N rnp2 yr-' or 9.5 x lOlo mol N yrrl, explains 31% of the deep N flux out of the Mediterranean; consequently, plankton productivity must balance 69% of the deep N outflow. Given a N : P molar ratio of 39 in the leaves of Posidonia and assuming a N : P molar ratio of 16 in plankton, the resulting theoretical N : P molar ratio in the Mediterranean deep waters becomes 23, close to the mean quoted value of 22. Despite uncertainties about seagrass area and productivity, and also about the N budget through the straits, this result supports the proposed processes.
A better knowledge of the mutual fixation rates of Posidonia and the bacterioplankton will arise from in situ and laboratory studies, but only the geochemical budget of a semienclosed sea permits the assessment of the global effects of processes that are certainly variable in time and space. The Mediterranean nutrient study leads to conclusions that are very close to those derived by Smith and Atkinson (1984) for a mass budget in Shark Bay (Western Australia), even though these two systems are very different as regards their size, geographic environment, and dynamics (1.3 x lOlo m2, mean depth 10 m, desert region, tropical lagoon dynamics for Shark Bay; 2.5 x 1 01* m*, mean depth 1,500 m, more than 200 million inhabitants in the drainage basin, "polar sea" dynamics of a concentration basin with winter deep-water formation for the Mediterranean Sea). In these extreme cases, and also in two other lagoons studied by Smith (1984) , benthic plants and plankton fix atmospheric N until P is exhausted. In the Mediterranean Sea, an area subject to heavy terrestrial loads, the N deficit as implied by the P discharges is compensated by benthic plant and planktonic N2 fixation. 
